China is the global leader in afforestation efforts to restore degraded forest ecosystems. However, it is diffi cult for these efforts to completely substitute for natural forests. In order to reveal the differences between plantations and natural forests, we compared stand spatial structure of plantations, mixed plantations, and natural forests by using the mingling degree (M i ), uniform angle index (W i ), and neighborhood comparison ( U i ) in the Mulan-Weichang Forestry Administrative region of the rocky mountain area, northern China. The results indicated that natural forests were characterized by varying species composition, individual tree distribution, and competitive relationships, which were more complex than monoculture plantations. Forest management is benefi cial to stand spatial structure improvement, resulting in mixed plantations that are closer to natural forests. On this basis, China's forest policy should shift focus from afforestation for area expansion to forest management for ecological improvement.
INTRODUCTION
The world's total forest area is just over 4 billion ha, which covers 31% of total terrestrial area and corresponds to an average of 0.6 ha per capita. Although a decrease in deforestation rates and largescale tree planting signifi cantly reduces the net loss of global forest areas, deforestation is still alarmingly and grievously high. In contrast, a report from Asia shows that there has been a net gain of 2.2 million ha forest annually during the period of 2000-2010. Despite continued high rates of net forest loss in many countries in South and Southeast Asia, China's unprecedented afforestation efforts have statistically offset these losses [1] . The Chinese government and international organizations' offi cial bulletins and extensive academic researches show a positive tendency of forest and environment restoration through unprecedented efforts in China [1] [2] [3] [4] . For instance, the total forest coverage in China increased from 5.2% in 1950 to 20.36% in 2010. Unfortunately, China's environmental sustainability index remains among the lowest in the world [5, 6] . Even worse, natural forests declined to 30% of total forest area, while unit area and unit area stocking of natural forests decreased by 32% [2] . Sometimes, the vast areas of plantations lead to a series of critical, unintended environmental consequences such as water balance damage, desertifi cation expansion, and biodiversity losses [7] [8] [9] .
Restoration and management of China's forest ecosystems require a deep examination of theories and technologies [10] . However, the reasons for ecological failures are ground and complex; many factors have contributed and their driving forces are often unique and vary widely from situation to situation. In this article, we have only analyzed the differences in stand spatial structure between plantations and natural forests in order to reveal unexpected problems with plantations. Specifi cally, the objectives of this study were as follow.
1. To characterize the natural forests, mixed plantations, and plantations using the stand spatial structure indicators. 2. To reveal the differences in stand spatial structure between plantations and natural forests.
3. To guide effective forest restoration in China; this is also instructive to other parts of the world with similar climatic and species conditions (broad-leaved temperate or sub-arctic forests). 
Field investigation
Typical L. principis-rupprechtii plantations, mixed plantations, and natural forests were selected and investigated between June and July of 2011 ( Table 1) . Each of the sites covered an area of 50 m × 50 m. Among them, sites 3 and 4 (mixed plantation) and sites 5 and 6 (plantation) were cut for better growth of individual trees and stand structure improvement in the early spring of 2008, respectively. The fi eld-based investigation indicators of stand spatial structure were as follows: tree species, quantity, diameter at breast height (DBH), tree height, height of fi rst living branch, crown width, spatial location, and crown closure. We set 3 cm as the minimum measured diameter. 
Stand spatial structure analysis
Forest structure was calculated based on stand spatial structure indicators, which include mingling degree (M i ), uniform angle index (W i ), and neighborhood comparison (U i ) [12] [13] [14] [15] [16] . All spatial analysis was conducted using Winkelmass software. Winkelmass software is the stand spatial structure analysis system; it can be used for structural parameter calculation, sampling analysis, and measurement of recovery and reproduction of spatial structure. To eliminate edge effects, we set a 5 m buffers zone around the investigated stands.
Mingling degree (1)
Mingling degree describes stand spatial isolation using different species proportions in adjacent stand spatial units. M i assumes fi ve possible values 0, 0.25, 0.5, 0.75, and 1.0, revealing multi-faceted relationships between reference and neighbor trees in the following categories: zero, weak, middle, strong, and relatively strong mixed degree.
Uniform angle index (2)
Uniform angle index represents stand horizontal distribution patterns using adjacent tree positions in adjacent stand spatial units. 
Neighborhood (nearest neighbor) comparison (3)
Neighborhood (nearest neighbor) comparison indicates stand spatial complexity using the proportion of adjacent trees that are bigger than a reference tree in an adjacent stand spatial unit. U i assumes fi ve possible values 0, 0.25, 0.5, 0.75, and 1.0 and reveals multiple relationships between reference and neighbor trees in the following categories: competitive advantages, sub-competitive advantages, moderation, competitive disadvantages and extreme competitive disadvantages. Further, we used the DBH-based neighborhood comparison to describe diameter differentiation.
RESULTS

Mingling degree
Differences in mingling degree among plantations, mixed plantations, and natural forests are summarized in Table 2 . Forest type infl uenced species spatial isolation of the stand to different degrees. Obviously, natural forests had higher minglin g degrees (0.500 and 0.464) than plantations and mixed plantations due to their various tree species composition. Generally, natural forests had moderate mingling degrees. In contrast, monoculture plantations had extremely low mingling degrees approaching 0 (0.076 and 0.081), representing little diversity. Mixed plantations showed relatively higher mingling degrees of 0.363 and 0.398, resulted from unremitting efforts of species composition improvement.
The proportions of individual trees in different mingling degree categories are shown in Fig. 1 . Natural forests had relative homogeneous values of zero (0), weak (0.25), middle (0.5), strong (0.75), and relatively strong (1) mixed individual trees. Moreover, monoculture plantations were characterized by a large proportion of zero mixed individual trees, accounting for three to four times less mixing than that of the natural forests. Compared to monoculture plantations, mixed plantations had a drastic reduction in zero mixed individual trees from 78.8% and 77.4% to 29.6% and 30.5%, although they had little difference in the amount of individual trees in strong mixed conditions. Accordingly, the individual trees in middle and strong mixed conditions signifi cantly increased by approximately 20%. 
Uniform angle index
Uniform distribution due to human activities is one of the major characteristics of plantations and is also regarded as one of the major differences between plantation and natural forest. However, in this study, not all the plantations had a uniform distribution, due to mostly improvement thinning efforts (Table 2) . Among them, site 3 (mixed plantation), and sites 5 and 6 (plantation) showed random stand spatial distribution with average W values of 0.487, 0.481, and 0.484, respectively; however, their randomness was low and close to uniform distribution. Further, site 4 (W = 0.527) was characterized by aggregated distribution because of the sprout tillers of B. platyphlla. Like site 4, site 1 (W = 0.549) represented an aggregated distribution pattern as well, but its aggregation level was higher than site 4 due to its better seedling regeneration of B. platyphlla. Moreover, as with sites 3, 5, and 6, the natural forest at site 2 exhibited a random stand spatial distribution as well. For details, the individual tree distribution of uniform angle index in the sample plots was of a unimodal type (Fig. 2) . In each site, most of the individual trees, approximately 50%-60%, were in random distribution patterns (W = 0.5). Furthermore, individual trees had large fl uctuation in other distribution patterns. Generally, taking W = 0.5 as a benchmark, the relation of the two ratios on either side of the benchmark number decides the stand spatial distribution. For instance, in site 1, individual trees in W = 0 and W = 0.25 (20.9%) were much lower than those in W = 0.75 and W = 1 (27.2), therefore, site 1 showed an aggregated distribution.
Neighborhood comparison
Changes in neighborhood comparison of the simple plots are shown in Table 2 and Fig. 3 . Broadly speaking, neighborhood comparison only had a small fl uctuation between 0.452 (site 6) and 0.547 (site 4) over the different forest types. Therefore, all the forest types were in a moderate state, the competitiveness of monoculture plantations was slightly weaker than in other forests. However, although through neighborhood comparison, it was apparent that there were almost no differences. Taking into consideration individual trees, distributions were not consistent among monoculture plantations, mixed plantations, and natural forests. Therein, the average neighborhood comparison values of natural forests were 0.490 and 0.487, with approximate frequencies in each competition state. In addition, monoculture plantations had more individual trees at the dominant (U = 0) and sub-dominant (U = 0.25) levels, but few individual trees at the inferior (U = 0.75) and absolutely inferior (U = 1) levels. Further, the individual tree distributions of neighborhood comparison in the mixed plantations were between the two abovementioned levels. 
DISCUSSION
During the last few decades, China has been implementing unprecedented greening efforts to restore degraded forest ecosystems, while simultaneously combating climate change and environmental pollution. However, these monoculture plantations have failed to adequately substitute for natural forests. In former studies, many scholars committed to reveal the differences in forest structures and functions between natural forests and plantations and then generate strategies for degraded plantation improvement. This work demonstrated the differences between plantations and natural forests from the viewpoint of stand spatial structure.
Although there does not seem to be any absolute difference in stand spatial structure between monoculture plantations and natural forests, some overall trends can be deduced from this study. Generally, natural forests are characterized by complex species composition, individual tree distribution, and competitive relationships; monoculture plantations inherently comprise unitary tree species, even distribution, and simple correlations. Further, the stand spatial structure of mixed plantations is in between these two.
Forest structure and functions are closely interconnected and interdependent [11] . In fact, differences between natural forests and plantations are not only in the species composition. Due to the spatial heterogeneity, natural forests have a greatly complicated mass cycles and energy fl uxes, affecting the movement and retention of water, solar energy, heat, and air. The ultimate appearance of these differences is the difference in productivity, biodiversity, and soil. Natural forests have stronger abilities in carbon sequestration, soil and water conservation, atmosphere purifi cation and resistance to destruction. Moreover, plantations have simple material and energy fl uxes and additionally imply dysfunctional forests [11] . This dysfunction is mainly manifested in low forest quality, vulnerability to diseases and pests, and depletion of some ecological properties.
When forests are lost or degraded, we lose far more than just the trees that they contain but also intangible ecological services [17] . This is one of the most important reasons why plantations fail to completely substitute for natural forests. Thus, greening efforts should focus not only on large scale afforestation for area expansion but also on quality improvement for forest ecosystem restoration. It is commonly believed that natural recovery is still the best way to restore degraded forest ecosystems [18] . However, in many cases, natural recovery is diffi cult, as it must meet the complex requirements of natural forest ecosystem restoration. In contrast, silvicultural options can modify species composition and structural diversity and have an important potential role in securing ecological functions [14] . True to our study, thinning has signifi cant positive effects on stand spatial structure improvement; forest management is strategic solution for forest ecosystem restoration. Species selection is also a very important aspect of reforestation efforts. In this case, broadleaved species are substituted with coniferous species, which adds to the failure to replicate natural conditions. This improved information is essential to providing a fi rm basis for future policy making on optimal solutions to restore degraded forests in China, as well as the rest of the world.
CONCLUSION
Using stand spatial analysis, we found signifi cant differences between monoculture plantations and natural forests. This comparison can inform China's forest restoration efforts. It shows that monoculture afforestation and plantations cannot completely replace natural forest ecosystems. With a sharp increase in forest resources during the past 20 years, China's forest policy should be changed to emphasize forest management in order to improve forest quality and ecological services. Native species selection, similar to the ones being replaced, is of the utmost importance.
